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The aim of a more precise knowledge about molecular structures and the nature of chemical bonds
is the driving force behind the development of numerous experimental methods and theories.
Recent soft X-ray based techniques provide novel opportunities for tackling the structure and the
dynamics of chemical and biochemical systems in solution. In our research group we are developing
experimental methods for mapping the electronic structure and dynamics of molecular systems in
solution during bond-building and breaking using soft X-ray absorption and emission spectroscopy.
The combination of such recent developments with conventional spectroscopy as well as theoretical
modeling allows us to address open questions about hydrogen bonds, thermodynamics and active
centers of biological systems. Based on the core-hole clock and pump–probe spectroscopy dynamics
on the time scale from sub-femtoseconds up to picoseconds can be revealed.
Introduction
What is ‘‘the next step in the research for an understanding of
the nature of life’’? asks Linus Pauling at the end of his book
‘‘The nature of the chemical bond’’.1 According to his perspec-
tive, understanding the nature of chemical bonds allows under-
standing the nature of our life. The investigation of the nature of
the chemical bond requires spectroscopic tools to probe the
molecular orbitals (MOs) that are involved in the building and
breaking of such bonds, as well as the electron dynamics through
these bonds. Techniques to probe the evolution of such MOs on
the time scale of femtoseconds have been discussed in literatures.
In a recent perspective by Wernet such techniques are addressed
for systems in gas phase.2 X-Ray based techniques for watching
ultrafast structure dynamics on the femtosecond time scale have
been reviewed by Chergui and Zewail.3
Most chemical reactions and biological functions take place
in the liquid phase. Accordingly, investigating the electronic
structure of such systems under real conditions, in liquid, is of
great relevance. Studies of MOs correlated to the K-edges of
life elements or the L-edges of the 3d transition metals pose a
special challenge for liquid samples since they are located
in the regime of soft X-rays which requires high vacuum
condition. In this perspective article we present the recently
developed techniques for the investigation of liquid samples
using soft X-ray photon-in photon-out spectroscopy and
highlight examples from various subject areas that became
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addressable by these approaches. We discuss recent absorption
studies of dissolved functional materials and new perspectives
for explaining thermodynamic behavior of solutions based on
local electronic structure information. Furthermore, we demon-
strate our recently developed high resolution X-ray emission
spectrometer on a micro-jet and explain how it helps to reveal
the nature of the hydrogen bonds in solution. Concerning
dynamics on the picosecond timescale we present for the ﬁrst
time a pump–probe setup for using a femtosecond laser pump
combined with soft X-rays obtained from a synchrotron
facility on a recyclable micro-jet. We will explain the potential
of this setup for paving the way for future studies taking
advantage of femtosecond X-ray pulses obtained from
recently developed free electron laser X-ray light sources
(XFELs). We also present a mechanism recently proposed
by us, called the dark-channel-ﬂuorescence-yield (DCFY4,5).
Taking advantage of the core-hole clock, this process allows
estimating the time scale of a charge transfer process down to
sub-femtoseconds. Although the exact course of action as well
as the quantiﬁcation of this mechanism is still a work in
progress, it could lead the soft X-ray spectroscopy towards
the induced attosecond charge transfer dynamics. Note that,
soft X-ray techniques based on electron-out spectroscopy, e.g.
photoelectron spectroscopy and resonant Auger, are not the
subject of this perspective and had been reviewed and dis-
cussed elsewhere.6–8
X-Ray absorption at the L-edge of a protein active
center in solution
Porphyrin based materials are involved in many technological
applications of various ﬁelds such as chemistry, biology,
medicine, and nanotechnology, e.g. for molecular electronics.9–14
Despite this large number of practical applications, there
is still very little known about the electronic structure of
porphyrins under realistic conditions, i.e. at room temperature,
in solution, at ambient pressure, and in the presence of
counter-ions. Even less is known about the evolution of the
electronic states and the structural changes of the porphyrin
systems upon photo-excitation under such conditions, despite
two decades of research combining ultraviolet-visible (UV-Vis)
pump with UV-Vis or hard X-ray probe techniques.15–21 One
of our perspective goals is to investigate the light-induced
dynamics in the molecular structure of porphyrins as found in
biological systems as well as used in practical applications by
means of time-resolved UV and soft X-ray spectroscopy. We
will limit our discussion in this section to the metalloprotein
active center as one example from the porphyrin family.
A detailed discussion has been presented previously by us.22
Technically, the investigation of liquids using soft X-rays is
challenging due to the large absorption cross section of air in
this energy region. In order to separate the liquid from the
vacuum in most of the recent soft X-ray absorption (XA)
studies, the samples were contained in a cell consisting of soft
X-ray transparent thin (few hundreds of nm’s) membrane
windows made of carbon or silicon nitride (Si3N4).
4,23–36
A further development of these sample holders allows the
direct detection of the transmission signal with a semi-
refreshed sample. Liquid can ﬂow in between two of these
membranes in order to introduce the sample.37 Nagasaka et al.
achieved moreover to introduce a fresh sample for every
measuring point of their spectra.38 For measuring transmission
XAS the ﬂow is stopped. A schematic of such a transmission
ﬂow cell is presented in Fig. 1a. However, sample damage is a
crucial point that has to be considered, especially for macro-
molecules like porphyrin related materials as their numerous
strong and weak bonds can respond in a complex manner to
the intense X-ray pulse. Flowing the liquid reduces the risk of
sample damage with respect to static drop-behind-membrane
cells. We employed such a ﬂow-cell for XA measurements
of the L-edge of the metal active center for investigating
porphyrins in solution in the ﬂuorescence yield (FY) mode
as shown in Fig. 1b.
In the ﬁrst reports on the L-edge XAS of proteins in
solution, the active center of methemoglobin was investi-
gated39 and compared to catalase.29 The experimental spectra
are shown in Fig. 1c and have been explained by means of
multiplet simulations, showing the high spin nature of the iron
active center. Although catalase and methemoglobin have very
similar haem groups, which are both ferric, catalase decom-
poses hydrogen peroxide to water and oxygen very eﬃciently,
while methemoglobin does not. We proposed that the origin of
this is the p back-donation of the Fe atom occurring in
catalase, which confers on it a partial ferryl (Fe4+) character;
this is not the case in methemoglobin. The origin of the Fe4+
character could stem from the proximal tyrosine residue.
Hemocyanin has been investigated as well via the L-edge of
the copper active center.40 Evidence was found that the
oxygenation does not simply switch the copper valence state
from Cu(I) to Cu(II), as was assumed classically. Water can
replace the di-oxygen upon de-oxygenation by binding to the
active site of the hemocyanin and withdrawing electrons from
the d orbital of the copper.
Note that, all the L-edge XAS on the metal center of the
protein were done using the ﬂow cell technique. We assumed
in these studies that the fast ﬂow of the protein behind the
membrane during the X-ray measurements avoids sample
damage. Furthermore, we used UV-Vis spectroscopy as a
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control method for our studies. Before and after introducing
the protein to X-ray, a reference spectrum using the UV-Vis
spectrometer was measured and compared. Although the later
presented micro-jet technique would seem to be the ideal
method to deliver proteins to X-ray without sample damage,
this approach is still challenging since the samples can be
exposed to high pressure during jet-operation. This could lead
to a de-folding of the protein. We are currently planning a
study to compare measurements of the active center from the
micro-jet with the ones from a ﬂow cell. Upon combination
with UV-Vis and/or infra-red (IR) spectroscopy we hope to
ﬁnd the most appropriate way of introducing protein under
real condition to any high vacuum spectroscopy.
Thermodynamic behavior from electronic conﬁguration
In most cases the supply of a fresh sample is required to obtain
reliable information of the electronic structure of a system.
In our recent study of NaI in water/alcohol mixtures the
challenge was not sample damage, but a chemical reaction
induced by the soft X-ray photons in the presence of I in the
solution. Upon optimizing the ﬂow speed accordingly and
introducing a permanently fresh sample, we could obtain
unaﬀected data, which allowed us to draw conclusions on
the thermodynamic behavior of these systems.41 At ﬁrst sight,
obtaining thermodynamic information from local electronic
structure information is not a straight forward process. Dixit
et al. made the ﬁrst attempts for explaining the special
thermodynamic behavior of water–alcohol mixtures by their
results obtained from neutron diﬀraction.42 Using XAS Guo
et al. conﬁrmed their results that the prevalence of water in the
form of strings or clusters can explain the anomalous thermo-
dynamics.43 We have used XAS to investigate a contradiction
between theoretical predictions and experimental ﬁndings
concerning the excess free energy of solvation (DGexe) of
Na+ ions in water–alcohol mixtures.44 Experimentally the
Gibbs energy of transfer (DG) can be determined via solubility,
potentiometry or voltammetry measurements. It is not possible
however to determine DG experimentally for a single ion, but
only for electro-neutral combinations of ions. Only theoretical
techniques can reveal the relevance of speciﬁc parameters
governing the solvation process, such as polarizability or ion
and solvent size.45–47 We used soft XAS at the Na K-edge to
study the sodium halides solute in water and in low-order
alcohols, such as methanol and ethanol, and in the corresponding
two-component solvents,41 as presented in Fig. 1d. Analysis of
the obtained spectra proposed that the solvation shell for the
Na+ ion in the water–methanol mixture is formed by three
water and three methanol molecules. Analogously, for water
and ethanol the spectra indicate that the ﬁrst hydration shell of
the Na+ ion is composed predominantly of water and ethanol
in a ratio of four water and two ethanol molecules. The same
picture of a shared solvation shell can be drawn for the
methanol–ethanol mixtures, consisting of four methanol and
two ethanol molecules. We proposed that the structural
diﬀerences of the shared solvation shell around Na+ ions in
the water–methanol mixture, compared to the water–ethanol
mixture, provide a microscopic explanation for the diﬀerent
values of the excess free energy of solvation in these solvent
systems. The respective DG values show that a transfer of Na+
to methanol is energetically favorable compared to a transfer
to ethanol. For the binary mixtures with water however, a
transfer to the ethanol containing mixture is advantageous.
Our results presented above can now explain this behaviour.
Whereas for the water–methanol mixture both solvents are
equally involved in the formation of the solvation shell around
the Na+, in the water–ethanol mixture, the ethanol contri-
butes less to the solvation shell. In the latter case the Na+ ions
energetically prefer to be surrounded by a higher number of
water molecules which leads to a lower energy of transfer.
As one key for the diﬀering solvation shell structures of the
ions in the diﬀerent water–alcohol mixtures, hydrogen bond
interactions are proposed, which are not yet considered in the
discussed theoretical approaches. This ﬁnding emphasizes the
importance of speciﬁc interactions in the solvation of ions in
binary mixtures of water and less polar media, thus providing
the experimental basis for an accurate understanding of these
processes. These studies prepare the ground for introducing
larger molecules in solution, e.g. amino-acids and proteins, as
well as binary mixtures of solvents and for revealing their
thermodynamic behaviors.
X-Ray absorption and emission from a liquid micro-jet
When using membranes in a drop-behind-membrane- or
ﬂow-cell, it has to be considered that elements that are
contained in the membrane material (Si and N), or energeti-
cally follow them, are not directly measurable. Furthermore
the membrane leads to a reduction of signal since no
membrane is ideally transparent for any energy range in the
Fig. 1 (a) Schematic of a transmission cell for soft X-ray spectroscopy on liquids. (b) Schematic of a ﬂowcell for detection in FY mode. (c) XA Fe
L-edge spectra of the proteins catalase and hemoglobin in solution obtained from a ﬂow-cell. (d) XA Na K-edge spectra of sodium ions in
water–alcohol mixtures compared to the ones obtained in the pure solvent.
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soft X-ray regime. Measuring techniques which require a high
incoming ﬂux, e.g. X-ray emission spectroscopy (XES), suﬀer
from the loss of photons leading to long data acquisition times.
For very low concentrated samples, e.g. porphyrin based
materials where typical concentrations are in the range of few
millimolar, such a loss of intensity can be detrimental.29,39,40
Additionally interactions with the membrane, like hydrophobic
or hydrophilic eﬀects or chemical reactions, can induce artifacts
in the spectra and vary them as a function of irradiation.48
In order to avoid these negative aspects correlated to mem-
branes, a liquid micro-jet can be used to provide constantly a
fresh sample. This technique was developed by Faubel and
co-workers49 and was already successfully applied for spectro-
scopies based on electron detection.50–53 We recently developed
the ﬁrst high-resolution XES and ﬂuorescence yield (FY) XAS
setup in combination with the micro-jet technique (membrane-
less spectrometer).54,55 Proof of principle measurements were
carried out on the oxygen K-edge of liquid water and the nickel
L-edge of NiCl2 aqueous solution under resonant and non-
resonant excitation. A schematic picture of the setup is pre-
sented in Fig. 2a. The XA spectra were recorded in the total
ﬂuorescence yield (TFY) mode with a GaAsP diode. For the XE
measurements a Gamma Data MCP-CCD-detector combined
with a self-developed grating holder was used in Rowland-
geometry (see Fig. 2a). By rotation of the holder, it can be
chosen between four diﬀerent blazed gratings covering the
energy range from 20 eV up to 1200 eV. On the oxygen K-edge
of liquid water we show that (Fig. 2b) our newly developed
liquid-jet XES spectrometer achieves a resolution comparable to
the recently published high resolution XES measurements
carried out on membrane cells.56,57 In the top of Fig. 2b the
XA spectrum of H2O obtained from the micro-jet is presented,
showing three characteristic spectral features: the pre-edge, the
main-edge and the post-edge around 535, 537.5 and 540 eV,
respectively. Note that because of saturation eﬀects the pre- and
post-edge features are overemphasized with respect to the main-
edge feature. The XES mapping, beginning with the resonant
excitation of the pre-edge at 534 eV and proceeding upwards, is
shown in the bottom part of Fig. 2b. Whereas XAS probes the
unoccupied density of electronic states, XES reveals informa-
tion about the occupied electronic states, which are the 1b2, 3a1
and the 1b1 for water. The apparent broadening of the spectral
features of the binding 1b2 and 3a1 orbital in comparison to
non-bonding lone-pair 1b1 is due to core-hole-induced proton
transfer dynamics.56,58 Upon increasing the excitation energy a
splitting of the 1b1 spectral feature into the two peaks 1b
0
1 and 1b
00
1
is observed. The origin of this splitting has been discussed
controversially before56–58 also in detail in our recent study of
water/acetonitrile mixtures.55 We have investigated in this study
the inﬂuence of hydrogen bonds (HB) on XA and XE spectra of
water by reducing its HB strength upon decreasing its concen-
tration in the acetonitrile solvent. In the XE spectra the low-
energy component of the sharp double feature is reduced upon
HB breaking, and its relative intensity can thus be used as a probe
for H-bonding.
Currently, we are implementing a recycle recovery of the jet
for the XE spectrometer as shown schematically in Fig. 2a.
This allows us to control X-ray photon induced eﬀects via
in situ investigation using conventional spectroscopies. The
recycle jet will be presented in detail later in this perspective.
Fig. 2 (a) Schematic of the Rowland-circle based high resolution XE and XA spectrometer for measurements on a liquid micro-jet. (b) XE
spectra of the oxygen K-edge of liquid water. The related absorption spectrum is shown in the inset. (c) FT-IR spectra of water–acetonitrile
mixtures of various concentrations.
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X-Ray absorption combined with infrared spectroscopy
For reaching a more comprehensive understanding of the
behavior of chemical bonds in solution, a combination of
the well-established conventional spectroscopies with the
X-ray based techniques is recommended. In order to investi-
gate the nature of HB in water–solvent-mixtures we recently
began to combine Fourier transform infrared (FT-IR) spectro-
scopy with XAS.48 FT-IR reveals information about the
vibrational structure of the investigated molecules and is
therefore a sensitive tool for determining the binding partners
of the water molecule as well as the symmetry of the binding.
The distinct properties of the solvents in terms of polarity,
hydrophobicity, and solubility for water allow a compre-
hensive investigation of the emerging water structures upon
increasing water concentration. In the IR spectra (Fig. 2c), the
onset of H-bonding among water molecules forming water
clusters is indicated by the appearance of the respective bands
around 3400 cm1. Note that neat water shows a broad band
around 3400 cm1.59 For water in acetonitrile, upon raising
concentration an equal increase of the anti-symmetric and the
symmetric stretching bands intensity60 is observed, up to
about 1% of solute water. A further increase of the water
content leads to the rise of additional bands around 3400 cm1.
These bands indicate a clustering of water molecules within the
solvent. In order to study the ﬁngerprint of hydrogen bonding
in the X-ray spectra (note that, the XA spectra in ref. 48 were
strongly aﬀected by the membrane as we have observed later
upon repeating the measurement in our micro-jet setup presented
in ref. 55), it was important to know, at which concentration
water molecules are isolated in the acetonitrile and from which
concentration water clustering sets in. We could obtain
this information from the presented complementary FT-IR
measurements. As a perspective we plan to implement in situ
IR spectroscopy with the XE spectrometer as presented
schematically in Fig. 2a to obtain the IR band of the probed
bonds before and after X-ray irradiation.
The recycle micro-jet: sample handling for long
measuring times
In order to study the electronic-structure dynamics of functional
materials in solution the pump–probe method is one of the
most suitable techniques. This technique requires measure-
ment duration of several days to obtain a signiﬁcant signal-to-
noise ratio. It has been applied to probe the K-edges of
transition metals which lie in the hard X-ray regime,17–19,61–66
where no high vacuum (HV) conditions are required due to the
high photon energies of several keV. In the soft X-ray regime,
laser pump/XAS probe was recently demonstrated probing
changes of the oxygen K-edge of liquid water upon infrared
laser pump67–69 as well as for probing the modiﬁcations in the
electronic structure of [Fe(tren(py)3)]
2+ dissolved in aceto-
nitrile via the L-edge of iron.70,71 In these experiments the
samples were prepared as a drop between two Si3N4 membranes,
and the X-ray absorption was measured in transmission mode.
However, while this approach of introducing solution to HV
conditions is working in the above mentioned cases, it would
not be suitable for many biochemical systems. In such systems
the required high-intensity X-ray and laser irradiation can
cause sample damage due to photochemistry or heating.
Here we present for the ﬁrst time the membrane-free recycle-
micro-jet technique for the laser pump and soft XAS probe in
the ﬂuorescence yield (FY) mode for the investigation of
molecular systems in solution. The liquid micro-jet technique
is well established within the scope of X-ray photoelectron
spectroscopy,53,72–76 XAS,77 and XES.48,54 For the latter
work, we could maintain a pressure of 105 mbar in the
chamber to perform XAS/XES measurements. Such low
pressure is usually achieved by collecting the liquid sample
in a cool trap, which requires frequent venting and opening of
the chamber in order to empty and clean the trap. For laser
pump/X-ray probe experiments which are highly sensitive to
precise spatial alignment between the laser pulses, the X-ray
pulses and the micro-jet, this procedure is not feasible. To
overcome this challenge a recycle sample delivery system for
the liquid jet is implemented as illustrated in Fig. 3a. An
enlarged detail for the laminar part of the jet is presented in
Fig. 3b. This novel installation permits the collection of the
sample in liquid phase from the micro-jet and its recovery
from the chamber without interrupting the measurements.
Here, the installation was operated by pumping 120 ml of
ﬁltered sample with an HPLC pump from a sample storage
loop through a micro-jet nozzle of 25 mm diameter. This nozzle
is anchored to a holder mounted on a 3D motorized stage.
A stable liquid jet is created with a velocity of approximately
100 m s1 and 5–10 mm region of laminar ﬂow. The liquid jet
travels 3 to 4 mm through the HV chamber before it enters the
liquid trap through a 150 mm pinhole of the temperature-
controlled copper skimmer.78 This skimmer is only thermally
coupled by isolating ceramics and a knife-edge to the liquid
trap. This permits heating of the skimmer during alignment to
avoid adhesion of the solvent on the pinhole. The pressure in
the liquid-trap is, depending on the temperature, between 10 to
15 mbar for aqueous solutions.78 The trap is connected to the
recovery outside of the chamber through a tube with a valve.
To retrieve the sample, the recovery is pumped to a pressure
of 1 mbar. After venting, the sample can be taken out and
measured in an UV-Vis or IR spectrometer to compare with a
fresh sample. If no radiation damage occurs, the sample can be
loaded to the storage loop again for further measurements.
Fig. 3c shows the XA-FY spectrum of the oxygen K-edge of
liquid water (saturated spectrum), obtained from the micro-
jet, and in comparison with a gas phase spectrum obtained by
shifting the jet 100 mm from the focus of alignment. Both
spectra are in good agreement with former results.54,55
Evidently, this result demonstrates the eﬃciency of our newly
designed recycle liquid trap for maintaining good vacuum
conditions and ensures measuring the liquid micro-jet with
negligible gas phase background. Fig. 3d shows the L3-edge
XA spectrum of iron obtained from 800 mM K3[Fe(CN)6]aq.
The spectrum shows a multiplet feature corresponding to the
low-spin conﬁguration, where the 5 electrons in the d-MOs are
in the t2g states built in an Oh crystal ﬁeld of 4.6 eV with 6 CN
ligands around the Fe(III) center. The low spin conﬁguration
of this complex in its solid state has been shown.79,80 Interestingly,
the complex in solution also prefers the low-spin conﬁguration.
Note that, the in situ optical absorption spectrum of this
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complex is shown in Fig. 3e. We are currently performing
experiments on diﬀerent complexes using a pump–probe
scheme similar to the one presented in ref. 65. We are planning
to investigate systems like the one which is previously done as
a drop between membranes (e.g. [Fe(tren(py)3)]
2+ dissolved in
acetonitrile) to maintain a stable condition for the new setup.
Accordingly, our perspective will be to investigate the mole-
cular structure and the nature of chemical bonds of the active
centers of proteins with diﬀerent ligands (e.g. O2, CO, . . .). We
would like to dissociate the ligand, and watch the recombina-
tion process to the metal center of the porphyrins via XAS.
Ultrafast dynamics: dark-channel-ﬂuorescence-yield
(DCFY) spectroscopy
A novel opportunity for characterizing ultrafast charge-
transfer processes via the total ﬂuorescence yield (TFY) L-edge
XA spectra from transition metals (TM) has been reported
recently by us.4,5 The FY spectra measured in solutions exhibit
‘dips’ below the ﬂuorescence background. The proposed
mechanism has been rationalized by the competition between
the FY of the solute and surrounding species, and between the
solute radiative channels (ﬂuorescence) and non-radiative
channels (in particular, charge transfer to the water molecules).
It has been named dark-channel ﬂuorescence yield (DCFY)
and was employed to determine the nature, directionality and
time-window of the radiation-induced charge transfer. Our
observations indicate that the L3-edge features are aﬀected
more than the L2-edge features. The core-hole lifetime of the
L2 edge (B0.7 fs) is shorter than that of the L3 edge (B2 fs),
81
so it is likely that L2 is aﬀected less by electron transfer because
of its higher radiative decay rate. This also sets an upper limit
for the induced electron transfer from the transition metal and
the ligand. For example, in the case of Fe2+ in water, the
induced electron transfer would be between 0.7 and 3 fs from
the Fe2+ to the coordinated water molecules around.4
The XA measurements supporting the proposed DCFY
mechanism were based on detection of the TFY. A crucial issue
in obtaining XA spectra using the TFY approach is the distor-
tion via diﬀerent eﬀects, e.g. saturation or self-absorption.82,83
Previously such eﬀects were not considered in a quantitative
manner. We are currently working on the clariﬁcation of two
issues in order to facilitate the application of this method as a
powerful tool in chemical sciences. Physically: how does the
competition between the background and the emission from the
probed elements contribute? Chemically: how informative can
this process be with respect to strength and characteristics of
chemical bonding? For this, we are combining the photo-electron
spectroscopy with the resonant Auger spectroscopy and XES on
diﬀerent transition metal complexes in solution. Interestingly, we
found that the resonant part of the dip observed in the TFY XA
spectra is due to metal-to-water charge transfer.84 This is
observed from the resonant enhancement of valence signal
intensity arising from the interference of two identical ﬁnal states
created by a direct and Auger-electron emission. The most
important conclusion from our valence-spectrum analysis is that
Fig. 3 (a) Schematic of the recycle micro-jet technique for pump–probe measurements. (b) Enlargement of the overlap area of micro-jet, X-ray
and laser beam. (c) XA spectrum of the oxygen K-edge of gas phase water and liquid water. (d) XA spectrum of the iron L3-edge of K3[Fe(CN)6]aq.
(e) UV-Vis spectrum of K3[Fe(CN)6]aq.
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metal t2g levels of Co
2+ overlap energetically and spatially well
with the valence band of water, enabling strong orbital mixing
in agreement with previous density-functional theory (DFT)
calculations.85
Conclusion and perspective
Liquid phase is an interesting environment for chemistry as it
hosts many of the chemical processes in nature and in industrial
applications. We have demonstrated in this perspective by
various examples how an understanding of the nature of
diﬀerent chemical bonds (e.g. hydrogen, covalence, electrostatic)
in liquid phase can be achieved by combining the recent soft
X-ray spectroscopic techniques using membrane-cells and
micro-jets with conventional spectroscopy (e.g. FT-IR,
UV-Vis, mass spectrometry). The newly developed recycle
micro-jet is presented here as well for the ﬁrst time with its
perspective for pump–probe spectroscopy to observe the
dynamics of biochemical functions under real conditions
(room temperature and pressure). In our future research this
setup will be used on the one hand for studying molecular
dynamics in solution in tens of picoseconds time scale at the
soft X-ray synchrotron facilities, where the core-levels of the
elements of interest can be probed. For these experiments,
a femtosecond laser pump pulse is combined with the
B70 picosecond soft X-ray probe. Valence band dynamics
in the range of the tens of femtoseconds on the other hand will
be addressed by using ultra- and extreme ultra-violet light
pulses obtained by high-harmonic-generation (HHG) in laser-
based table-top experiments. Here aB20 fs laser pump source
will be used to excite the sample, followed by an HHG pulse in
the energy range up to 100 eV to probe the change in the
valence band of the excited systems. The ﬁrst demonstration of
this technique on a micro-jet has been presented by Abel and
co-workers.86 While the HHG will reveal dynamics of the
valence band, the XFEL can probe such dynamics at the core-
level (beyond the water window). Another dimension of
induced ultra-fast dynamics has been addressed with our
recently proposed DCFY mechanism. Nevertheless, the
mechanism is awaiting quantitative studies to reveal its physical
and chemical contribution for sensing the bond structure and
the induced dynamics through the chemical bond.
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